Abstract-The concentration and isotopic composition of monochlorobenzene (MCB) was monitored in the plume of an anaerobic, contaminated aquifer in Bitterfeld, Germany. An enrichment in the carbon isotopic composition of more than 4 ␦ units was found at the fringes of the plume relative to the center (Ϫ26.5 ‰), suggesting the occurrence of in situ biodegradation of MCB. A similar enrichment was measured in a detailed cross-section of the plume and in depth-specific samples obtained in a multilevel sampling well. The latter samples gave a good correlation of MCB concentrations and respective isotopic composition according to the Rayleigh equation. On the other hand, batch experiments using the aerobic MCB-degrading strains Ralstonia sp. DSM 8910, Acidovorax facilis UFZ B517, Rhodococcus erythropolis UFZ B528, and Pseudomonas veronii UFZ B547 showed that the known aerobic pathway initiated by dioxygenases does not result in a significant isotopic fractionation. Thus, a novel anaerobic pathway resulting in an isotopic fractionation appears to be the predominant process of MCB degradation in this aquifer. The study also clearly demonstrates the usefulness of isotopic fractionation analysis to prove biodegradation directly in the field, even when microcosm studies are not available and a metabolic pathway has not yet been elucidated.
INTRODUCTION
Monochlorobenzene (MCB) is a xenobiotic compound that commonly is used in chemical manufacturing processes as an intermediate for the production of polymers, plastics, antioxidants, dyes/pigments, pharmaceuticals, and some insecticides (in the past, DDT), as well as being a solvent, grease remover, and swelling agent [1] . It was released to the soil in many locations as a result of its sustained use over several decades and the large amounts produced. Therefore, today it is encountered commonly as a groundwater contaminant at chemical production sites in Europe and the United States [2, 3] , and constitutes a major contaminant at the large-scale contaminated site in Bitterfeld (Eastern Germany), where about 200 million m 3 of groundwater are contaminated with predominantly chlorinated compounds [4, 5] .
Oxygen usually is scarce in contaminated aquifers due to its limited solubility in water and the rapid consumption by aerobic microorganism degrading the available substrates. Other electron acceptors similarly may be depleted, leading to anaerobic conditions that may be conducive to the degradation of higher chlorinated benzenes via reductive dechlorination. In this particular type of reaction, the contaminant itself functions as electron acceptor [6] . The dechlorination becomes less favorable energetically with a decreasing number of chlorine substituents, however. Consequently, MCB was believed to be highly recalcitrant in anaerobic aquifers, supposedly constituting both the terminal product of the microbially mediated, sequential dechlorination reactions of the higher chlorinated benzenes (see [7] for review) and of the microbial transfor-* To whom correspondence may be addressed (hans.richnow@ufz.de). mation of hexachlorocyclohexane [8] . No culture experiments as yet have proven convincingly the anaerobic degradation of MCB. However, small amounts of benzene were formed next to MCB during transformation of higher chlorinated benzenes in a methanogenic microcosm [9] . Radiolabeling experiments with MCB in another study provided evidence of mineralization [10] , but no microbial cultures growing on MCB as a carbon source or as an electron acceptor were enriched. In addition, field studies demonstrating the anaerobic microbial transformation of MCB are lacking completely. Thus, a pathway and mechanism of microbial transformation of MCB under anaerobic conditions remains unknown. Several microbial degradation pathways are conceivable: MCB may be degraded as electron donor molecule similar to benzene by processes such as nitrate-, Fe(III)-, and sulfate-reduction, and other processes coupled to methanogenesis; or, alternatively, reductively by microbial dechlorination, in which case MCB would function as the electron acceptor.
Under aerobic conditions, a number of taxonomically different bacteria were shown to grow on MCB as a sole source of carbon and energy (see [7] for review). In all MCB-degrading aerobic species tested so far, the initial attack on the aromatic ring is a dioxygenase reaction, leading to the formation of 3-chloro-cis-1,2-dihydrodiolcyclohexa-3,5-diene, which subsequently is oxidized by a dehydrogenase to 3-chlorocatechol [7, [11] [12] [13] .
Recently, kinetic isotope fractionation processes have been employed to demonstrate the biological transformation of various contaminants directly in the field [14] [15] [16] [17] . Isotope fractionation is a result of the faster kinetic transformation of isotopically light compared to heavy isotopomers, leading to an enrichment of the heavy isotopomers in the nondegraded 1316 Environ. Toxicol. Chem. 24, 2005 A. Kaschl et al.
fraction. The enrichment of 13 C in the residual contaminant fraction in the course of a contaminant plume is indicative of degradation, because dilution and sorption do not affect significantly the isotope composition of contaminants [18] [19] [20] . Abiotic degradation of MCB, which also would result in isotope fractionation, is unlikely due to its high activation energy under environmental conditions. For instance, abiotic reductive dechlorination with Fe 0 , a viable process for chloroethenes, does not proceed without a catalyst such as palladium [21] . An observed significant isotope fractionation of MCB, therefore, would point directly to microbial degradation. However, not all microbial degradation pathways lead to isotope fractionation [22, 23] .
To investigate the in situ degradation of MCB under anaerobic conditions in a contaminated aquifer, the 13 C/ 12 C isotopic composition of MCB was measured in water samples taken from monitoring wells positioned in a quaternary plume in Bitterfeld. The concentrations of MCB as well as the geochemical conditions were recorded and compared to the isotopic data in order to evaluate the evidence for in situ biodegradation. A cross-section of the plume and the vertical stratification were investigated in greater detail. With the help of a multilevel well permitting detailed sampling at discrete depths, footprints for degradation processes at the plume fringe were observed. In addition, the isotopic fractionation of MCB during degradation by aerobic microbial strains was examined in batch experiments to evaluate whether aerobic degradation reactions lead to a significant isotope fractionation. The results are discussed in the context of possible biochemical degradation pathways for MCB in anaerobic aquifers.
MATERIALS AND METHODS

Location
The MCB-contaminated aquifer is situated near the city of Bitterfeld, Germany, where a large part of the chloro-organic industry of the former German Democratic Republic activity was carried out. Today, the aquifer systems in the area are heavily contaminated by various chlorinated organic compounds, making them one of the largest contaminated sites in Germany. We investigated a quaternary aquifer heavily contaminated with MCB (maximum levels of 25-30 mg/L) and smaller concentrations of chlorinated aliphatic compounds (0-5 mg/L), benzene (0-0.77 mg/L), and dichlorobenzenes (0-3 mg/L) [24] . Chlorobenzenes have been produced at the industrial site since the first decade of the 20th century, but the exact time of spillage is not known. However, it is most likely that the plume formed in the aquifer several decades ago, thus constituting a significant selection pressure for chlorobenzenedegrading microorganisms.
The geological setting is characterized by a shallow quaternary aquifer consisting of glaciofluvial sands and gravel and a deeper tertiary aquifer made up of micaceous sands overlying glauconite sands. Quaternary and tertiary aquifers are separated by a lignite layer overlain by a Miocene clay layer, which has been removed partially by open-pit mining, thus hydraulically connecting both aquifers in several locations. At a depth of 50 to 70 m, a layer of Rupelian clay, the major regional aquitard, delimits the tertiary aquifer. Our institute runs an experimental research station at this location (SAFIRA, [24] ), so that the contaminant plume in the quaternary aquifer has been explored extensively (Fig. 1) . A geographic information systems-based geological structural model for this area has been developed [25] , allowing the display of cross-sections and individual geological layers of the subsurface. The direction of groundwater flow has varied considerably in the last 40 years due to local pumping of groundwater enabling open-pit lignite mining in the area. In the last five years, however, flow direction has been mainly west northwest to east southeast.
The original MCB source area is located underneath the industrial area west of the city of Bitterfeld. The MCB plume stretches down-gradient in a SE direction, following a quaternary hydrogeological channel structure orientated in a northwest/southeast (NW/SE) direction, which strongly effects contaminant flow (Fig. 2) . This quaternary channel is located immediately above the lignite layer, the latter representing the local aquitard separating the quaternary aquifer from the underlying tertiary aquifer at this location.
Sampling and extraction
Thirty-three monitoring wells in the quaternary aquifer were sampled during a monitoring campaign in November 2002. The well identification is given in Table 1 . Water samples were obtained with a submersible pump MP1 (Grundfos, Bjerringbro, Denmark), after dissolved oxygen, temperature, pH, redox potential, and conductivity had stabilized. These parameters were measured using electrodes in flow-through chambers (CellOx 325, TetraCon 325, Sentix 41, pH 196T; Wissenschaftlich-Technische Werkstätten, Weilheim, Germany). In a separate campaign, the multilevel well SAF4 (terms beginning with SAF represent monitoring wells) was sampled, which permits the sampling at 10 discrete depths from 7 to 21 m below the surface. The filtered screens were separated from each other with a water-filled sock tube inserted into the well, snugly fitting the casing wall. Small submersible pumps near each filtered screen allowed depth-specific sampling without crosscurrents. A detailed description of the multilevel sampling well is given by Schirmer et al. [26] . All submersible pumps were operated at the same time to achieve near-horizontal flow of the water entering the well. The pumps were operated for a minimum of 2 h at a flow rate of 1 L h Ϫ1 before the sample for volatile organic carbons, cations and anions, and isotopic composition of MCB were taken. Oxygen, pH, redox potential, and conductivity were measured separately with electrodes (see above) in flow-through chambers connected to the tubes from the multilevel sampling well, under a nitrogen gas atmosphere.
All water samples were analyzed for concentrations of chlorinated benzenes, chlorinated aliphatic compounds, benzene, toluene, ethylbenzene, and xylenes. The monitoring program also included the determination of the most common cations and heavy metals as well as the anions chloride, nitrate, nitrite, phosphate, sulfate and sulfide; and the sum parameter alkalinity, total organic carbon in solution (TOC S , including colloidal organic matter), and dissolved organic carbon. The chemical analyses were carried out following German standard analytical procedures (according to Deutsche Industrienorm, German industrial standard; for MCB: Deutsche Industrienorm 38407-F9-1).
For determining the isotopic composition of MCB, a 1-L serum bottle (Schott, Mainz, Germany) was filled completely with groundwater, stored cool (4ЊC), and extracted within 24 h using 2 ml n-hexane. The methodical details of the extraction procedure for the isotope analysis are described elsewhere [16] . 
Degradation batch experiments
Microcosm experiments were carried out with different aerobic MCB-degrading strains. Ralstonia sp. DSM 8910 was used as a reference strain, because the initial attack of MCB was identified as a dioxygenase reaction [12] . Acidivorax facilis strain UFZ B517, Rhodococcus erythropolis strain UFZ B528, and Pseudomonas veronii strain UFZ B547 were isolated from aquifer material from the test site in Bitterfeld; all strains were shown to use the modified ortho pathway for MCB degradation [27] . For precultivation, the strains were grown on MCB (130 mg/L), dissolved in mineral medium (modified Brunner medium, Deutsche Sammlung fuer Mikroorganismen medium 457 [28] ) until the early stationary growth phase was reached, and thereafter washed twice in substrate-free modified Brunner medium. The isotope fractionation experiments with A. facilis B517, R. erythropolis B528, and P. veronii B547 subsequently were performed in 1-L screw plug flasks filled with 450-ml modified, MCB-containing Brunner medium, which were inoculated with a 25-ml washed bacterial suspension, respectively. The experiment with Ralstonia sp. was performed in 118-ml serum flasks, which were filled with 45 ml of modified, MCB-containing Brunner medium and inoculated with 5 ml of washed bacterial cells. The cultures were incubated at 14ЊC (strains B517, B528), 20ЊC (Ralstonia sp.), or 28ЊC (strain B547) and gently shaken at 75 rpm. Samples were analyzed for MCB concentration by headspace gas chroma- The horizontal transect passes through the location of the monitoring wells SAF24 to SAF11 in north-northeastern (NNE) to south-southwestern (SSW) direction. This transect was obtained using the geological structural model for Southeastern Bitterfeld [25] .
Figure was magnified ϫ25 in vertical direction. Q ϭ quaternary; T ϭ tertiary aquifer; SAF ϭ monitoring wells. tography as described elsewhere [29] . Sterile controls were prepared as described above for the biotic samples in both experimental set-ups, except that sterile Brunner medium was added instead of bacterial inoculum. Controls showed no significant losses of MCB in the time course of the experiments (Ͻ5% in 2,760 min). For isotope analysis, liquid samples (volume: 3-4.5 ml) were acidified with 25 l 6 M HCl to prevent bacterial MCB transformation after sampling and extracted with 0.5 ml to 3 ml n-hexane.
Isotope analysis
A MAT 252 isotope ratio-monitoring gas chromatography mass spectrometer system (Finnigan, Bremen, Germany) was used for isotope analysis. Precision and methodical details of this system are described elsewhere [16] . Aliquots (0.5-4 l) of n-hexane extracts were injected using a split/splitless injector held at 250ЊC and were separated on a capillary column (ZB1 60 m ϫ 0.32 mm, 1-m film, Phenomenex, Torrance, CA, USA). The temperature program started at 40ЊC, holding steady isothermally for 3 min, and then increasing at a rate of 4ЊC/min to 150ЊC. Thereafter the temperature was increased to 250ЊC at a rate of 20ЊC/min to remove all other components. All samples were measured in at least five replicates. Only signals exceeding 50 mV were used in the calculations. A discussion of the detection limit is given in Richnow et al. [16] .
Calculations
The carbon isotope composition is reported in ␦-notation (‰), with respect to the Vienna Pee Dee Belemnite standard [30] , according to 13 12 ( C/ C) Sample
13
␦ C(‰) ϭ Ϫ 1 · 1000 (1)
The associated isotope fractionation may be described by the Rayleigh equation [31] (
The R t and R 0 give the isotope composition of the contaminant at times t and zero; C t and C 0 represent the concentration of the compound at times t and zero. The isotope fractionation factor ␣ relates the changes in the isotope composition to changes in concentration of the residual fraction during the transformation. With the help of a double logarithmic plot (Rayleigh model: ln R t /R 0 vs. ln C t /C 0 ), the fractionation factor ␣ may be calculated from the slope. The Rayleigh approach relates changes in concentration to changes in the isotopic compositions by the fractionation factor (␣). The Rayleigh model is used to quantify isotope fractionation in closed laboratory systems and has some limitations for the estimation of isotope fractionation in aquifers, which need to be taken into account. The concentration of contaminants is affected by nonbiological processes such as dilution or sorption that do not alter the isotope signature significantly [16] . Therefore, fractionation factors (␣ f ) calculated from field data are lower compared to closed laboratory systems, where the only sink of contaminants is biodegradation.
RESULTS
Degradation experiments
To investigate the isotope fractionation during aerobic biodegradation, MCB degradation experiments using the strains Ralstonia sp. DSM 8910, P. veronii B547, A. facilis B517, and R. erythropolis B528 were conducted (Fig. 3) . All species were able to degrade MCB to concentrations below 0.1 mg/ L. The species Ralstonia sp. degraded MCB from 49.8 to 3.25 mg/L in 21.6 h. The isotopic composition of MCB changed only very slightly during the degradation, corresponding to an isotope fractionation factor of ␣ ϭ 1.0004 Ϯ 0.0001. The concentration gradient of MCB in the batch experiment with R. erythropolis ranged from 59.4 to 4.6 mg/L, giving an isotope fractionation factor of ␣ ϭ 1.0003 Ϯ 0.00004. In experiments with P. veronii, a decrease in MCB concentration of 107.3 to 2.3 ml/L was recorded, with a corresponding isotope fractionation factor of ␣ ϭ 1.0002 Ϯ 0.0002. Two degradation experiments were conducted with A. facilis (in Fig. 3 only one is shown for clarity). A decrease in concentration of 99.9 and 65.0 mg/L to 0.7 and 3.9 mg/L, respectively, was observed, yielding an average fractionation factor of ␣ ϭ 1.0001 Ϯ 0.0001. Hence, large decreases of contaminant mass in these aerobic microcosm experiments did not result in a significant fractionation.
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MCB plume
In the studied quaternary aquifer, the MCB plume revealed maxima at SAF20 and SAF14 and stretched down-gradient over a distance of 700 m in NW to SE direction (Fig. 1) . The plume, as encountered today, is a result of shifting groundwater flow directions related to mining activities in the area. In addition, the direction of the plume is influenced heavily by the structure of a quaternary channel apparent in the geological composition of the subsurface, which affects the transport of contaminants (Fig. 2) . It is known from the site history that the source area lay under the industrial zone at the NW end of the plume, where MCB concentrations up to 25 mg/L (SAF20) were detected. In general, the highest MCB concentrations always were found near the bottom of the quaternary aquifer. A subsurface cross-section, constructed perpendicular to the main flow direction of the plume, demonstrated a clear vertical stratification of the MCB concentrations (Fig. 4) . The concentrations of MCB at the bottom of the aquifer exceeded 15 mg/L, and decreased to below 0.1 mg/L in the upper part of the aquifer. Similarly, at both horizontal fringes of the plume shown in the cross-section, the MCB concentrations decreased to below 1 g/L. The depth profile of MCB concentrations at the multilevel sampling well SAF4 also clearly indicated that the core of the plume was located on the bottom, with decreasing MCB concentrations at shallow depths (Fig. 5A: solid black dots).
Geochemical conditions in the aquifer
To characterize the geochemical conditions of the aquifer, the pH, electron acceptors, and some probable MCB metabolites were monitored ( Table 1 ). The pH value upstream (monitoring well BVV1230) and at marginal parts of the plume (SAF21, SAF33) was almost neutral (6.7-7.0), but decreased down to 5.9 within the plume. Oxygen concentrations in the aquifer generally were below 1 mg/L and significant nitrate concentrations mostly were limited to wells with filter screens in the upper layers of the aquifer. In deeper wells, nitrate ranged from 0 to 2.3 mg/L and, hence, did not provide a significant source of electron acceptor for contaminant degradation. In 23 out of 33 wells, Fe(II) or Mn(II) concentrations exceeded 0.5 mg/L (with maximum Fe[II] concentrations reaching 8.5 mg/ L), suggesting the occurrence of iron-and manganese-reduction processes. Additionally, in seven wells, whose filter screens all are located within the MCB plume, sulfide was found at concentrations of up to 3.5 mg/L, indicating sulfatereducing conditions. These results indicated the prevalence of anaerobic conditions in the aquifer.
With the help of the multilevel well SAF4, a vertical resolution of the geochemical conditions in one particular location was obtained (Fig. 6) . Oxygen was found in concentrations higher than 0.3 mg/L only at a very shallow depth (Ͻ8 m). Nitrate concentrations were high (43 mg/L) in the shallow sampling ports below approximately 11 m, rapidly disappearing at higher depths, presumably due to nitrate-reduction activity. Iron reduction was apparently a relevant process below a depth of 15 m, and may be obscured partially by coprecipitation with sulfide-from sulfate-reduction activity (no dissolved sulfide was measured at this location). This latter reaction could not be observed from a decrease of sulfate concentrations due to the high background in this aquifer (0.33-1.48 g/L). Fig. 6 . Results of the depth-specific sampling at SAF4 regarding pH, conductivity, alkalinity, electron donors/acceptors, and possible metabolites of monochlorobenzene degradation. Fe(II) concentrations are solid symbols (ⅷ), and Mn tot (total dissolved Mn) are hollow symbols (⅜) in the joint plot; TOC S refers to total dissolved organic carbon. SAF ϭ monitoring wells.
Soluble organic carbon in the solution phase may function as an electron donor for a reductive dechlorination reaction leading to the transformation of MCB to benzene. When corrected for the MCB content (ϭcontribution of carbon from MCB subtracted from total TOC S ), the TOC S disappeared at a depth of 14 to 16 m in the vertical profile at SAF4 (Fig. 6) , coinciding with higher Fe(II) and dissolved inorganic carbon concentrations. The latter increase, indicated by the value obtained for alkalinity, roughly was stoichiometrical to the decrease of TOC S at the same depth (ϳ1-1.5 mmol/L). The dissolved organic carbon concentrations showed a similar trend, albeit at somewhat lower concentrations (dissolved organic carbon represented between 60 and 95% of TOC S in the vertical profile). These findings indicate that, in this particular zone, at 14 to 16 m (which also represents the fringe of the MCB plume, Fig. 5A ), mineralization of organic matter had occurred.
Benzene was found in low concentrations (Ͼ0.01 mg/L) over the whole MCB plume. On the other hand, no benzene was found outside of the MCB plume, suggesting a correlation between the two contaminants. Increased benzene concentrations (at low levels) were found concomitantly with higher MCB concentrations also in the vertical profile of SAF4 (Fig.  6) . Chloride, a metabolite of a dehalogenation reaction, was increased significantly inside the MCB plume, but cannot be linked directly to MCB degradation due to the possibility of cocontamination of chloride at this site.
Isotope fractionation study
To investigate the in situ biodegradation of MCB, the isotopic composition and concentration was monitored. At the highest MCB concentrations in the aquifer, an isotopic composition between Ϫ26.7 and Ϫ26.0‰ was found. At wells with a lower MCB content, the isotope signature was enriched in 13 C up to Ϫ21.5‰. Generally, isotopic values at shallower depths and outside the plume tended to show an enrichment of 13 C. Using the position of the filter screens of adjacent monitoring wells in a cross-section of the plume (cross section A-B in Fig. 1 ), the horizontal and vertical structure of the plume was examined in detail (Fig. 4) . It is apparent that isotopic signatures below Ϫ26‰ generally were found for MCB concentrations exceeding 10 mg/L in the center of the plume on the bottom of the aquifer. With a decrease in MCB concentrations at the horizontal fringes of the plume and at shallower depths, the isotopic composition was enriched accordingly. Depth-specific MCB concentrations measured at SAF4 and the respective isotopic signature yielded a very good correlation (Rayleigh plot: r 2 ϭ 0.96), with MCB being increasingly 13 C-enriched at shallower depths ( Fig. 5A and B) . The isotope fractionation factor ␣ f for these data were determined as 1.0005 Ϯ 0.00004.
DISCUSSION
Isotopic fractionation is a tool to establish contaminant degradation reactions directly in the field and, in some cases, differentiate between different pathways due to the magnitude of the fractionation factor. Therefore, in a first step, we examined the isotopic fractionation of MCB during the established aerobic degradation pathway using Ralstonia sp. DSM 8910 and several isolates from the Bitterfeld field site. All the microbial strains investigated did not fractionate significantly carbon isotopes in the course of MCB degradation. The indigenous MCB-degrading isolates (strains B517, B528, and B547) previously were shown to accumulate 3-chlorocatechol under oxygen-limited conditions, strongly indicating the use of a chlorobenzene dioxygenase for the initial attack on the aromatic ring structure [27] . In the reference strain Ralstonia sp., the use of a chlorobenzene dioxygenase for MCB degradation was proven experimentally [12] . Mirroring our results, the aerobic degradation of 1,2,3-trichlorobenzene by Pseudomonas sp. P51, which constitutes a chlorobenzene dioxygenase reaction, did not show a significant isotope fractionation [32] . Taken together, these data suggest that the initial dioxygenase reaction does not lead to a significant isotope fractionation of MCB in general. The rate-limiting step in the dioxygenase reaction most probably is a reaction with theelectron system of the aromatic ring [23] . Therefore, no cleavage of chemical bonds is involved in this type of reaction, and only minor isotope effects are observed. These results also are in line with studies using toluene and naphthalene as model compounds, which also demonstrated that the dioxygenase re-action does not lead to a significant carbon isotope fractionation [23] .
Conversely, the anaerobic degradation of various aromatic hydrocarbons led to a significant isotope fractionation in several studies [22, 33, 34] . The benzylsuccinate pathway, which is central to the anaerobic biodegradation of a number of methylated aromatic hydrocarbons (e.g., toluene), resulted in a reasonable isotope fractionation in all cases investigated so far [22, 33] . Anaerobic degradation of nonmethylated hydrocarbons, such as benzene and naphthalene, exhibited isotope fractionation, although the precise biochemical mechanism mostly is unknown. The isotope fractionation of benzene yields fractionation factors of 1.0019 to 1.0021 (methanogenic), 1.0036 (sulfate-reducing), and 1.0022 to 1.0024 (nitrate-reducing conditions) with enrichment cultures [34] . A degradation of MCB following the anaerobic benzene pathway, therefore, should show a significant isotope fractionation. Alternatively, under anaerobic conditions, MCB may be dechlorinated reductively to benzene. A number of studies have shown that the anaerobic reductive dehalogenation of halogenated ethenes usually is associated with isotope fractionation [14, 35] . Recently, it has been demonstrated that the reductive dehalogenation of 1,2,3-and 1,2,4-trichlorobenzene by Dehalococcoides sp. under anaerobic conditions gives isotope fractionation factors between 1.0031 Ϯ 0.004 and 1.0037 Ϯ 0.003, respectively [32] . In analogy, a reductive dehalogenation of MCB likewise should be associated with a substantial change in isotope fractionation. Based on these considerations, the isotope fractionation factor resulting from an anaerobic degradation of MCB should be considerably higher than that observed during the ring-dioxygenase pathway of MCB and other aromatic hydrocarbons. Therefore, the isotope pattern of MCB should allow distinguishing between aerobic and anaerobic degradation pathways of MCB directly in the field.
The MCB plume was located in a reducing aquifer, as geochemical footprints of nitrate-, iron-, and sulfate-reduction processes were found. These processes clearly were stratified from top to bottom in the vertical profile at SAF4. The isotopic signature of MCB in the center of the plume remained rather constant at values slightly below Ϫ26.0‰. This finding is explained, on one hand, by the fact that the zone of preferential anaerobic MCB degradation may be limited effectively by competition from sulfate reduction at the bottom and nitrate/ Fe(II) reduction reactions at shallower depths at our site (Figs. 5A and 6). On the other hand, the isotopic composition at high contaminant levels is expected to change only after substantial degradation already has taken place, due to the logarithmic relationship between percent of biodegradation and isotopic enrichment. Thus, even a 20%, reduction of total mass would only result in a minor isotopic shift, assuming a fractionation factor typical for reductive dechlorination or anaerobic benzene degradation. The isotopic composition, in this case, may be regarded as an insensitive tracer for biodegradation directly in the center of the plume. Furthermore, desorption or backward diffusion processes of MCB sorbed to the lignite layer immediately underlying the MCB plume may keep the isotopic signature constant at the bottom of the aquifer. This particular lignite seam is saturated with MCB due to its long exposure and, therefore, may now function as a long-time source of MCB [36] . Morrill et al. [37] recently have shown, for the anaerobic dechlorination of tetrachloroethene (PCE), that the isotopic composition of the mother compound (PCE) remains unchanged in close proximity to a PCE phase, even though biodegradation reactions are active and an isotopic shift is observed in the daughter compounds.
Conversely, at the plume fringes, an enrichment up to 4.5 ␦ units was observed, suggesting that in situ degradation was a significant sink for MCB. The correlation between MCB concentrations and isotopic signature clearly was visible in a detailed cross-section of the plume: Degradation processes led to an enrichment of the heavier isotope at increasing distance from the center. Additionally, depth-specific samples obtained at the multilevel well provided similar results and yielded a good Rayleigh correlation. The field fractionation factor obtained was lower compared to laboratory experiments of the anaerobic degradation of benzene or trichlorobenzenes. This may be explained by dilution, dispersion, and sorption processes in the aquifer, which affect concentrations (C t ) without altering the isotopic composition (R t ). Hence, when using the Rayleigh relation according to Equation 2 for field data, the resulting factor ␣ f is lower than determined in culture experiments. On the other hand, because this field-derived fractionation factor is higher than the laboratory-derived factors for aerobic degradation, it is likely that an anaerobic pathway is governing the MCB fractionation in the Bitterfeld aquifer.
A dechlorination of MCB requires an electron donor. The concentrations of TOC S were found to be reduced inside the contaminant plume, and processes at the fringe of the MCB plume examined by multilevel sampling appeared to result in the consumption of organic C and a concomitant increase of inorganic C. The TOC S concentrations generally were low in the aquifer and effectively may limit the degradation. The decrease in pH and the presence of low benzene concentrations in the MCB plume and the vertical profile also support the occurrence of a dechlorination reaction. Benzene is amenable to microbial breakdown under iron-or sulfate-reducing, as well as methanogenic, conditions [38] [39] [40] , so that a significant accumulation due to MCB degradation should not be expected. A reductive dechlorination of MCB to benzene with hydrogen as electron donor would yield a free-energy release close to 70 kJ/electron equivalents [41, 42] , which is higher than that obtained from sulfate or CO 2 reduction (⌬G o Ͼ20 for the latter reactions) and exceeds the theoretical limit of 15 to 20 kJ/mol reaction necessary for adenosine triphosphate synthesis in biochemical reactions [43] . Thus, reductive dehalogenation of MCB may be feasible. Alternatively, MCB may be degraded as an electron donor under Fe(III) or sulfate-reducing conditions.
In summary, the geochemical parameters indicated the prevalence of anaerobic conditions in the aquifer, but did not by themselves provide conclusive evidence for the occurrence and pathway of an anaerobic in situ degradation of MCB. The isotope fractionation pattern of MCB, on the other hand, clearly indicated that anaerobic degradation processes of MCB are taking place, but the data presented does not yet allow complete identification of the anaerobic pathway of MCB degradation. The breakdown of MCB appears to be slow, and indirect evidence of microbial activity was concentrated at the plume fringes. Further investigations are underway to study the degradation pathway in more detail.
